Slot canyons, with extremely small width-depth ratios, are rare geomorphic features that develop under limited range of fluvial conditions. We report the occurrence of such an uncommon canyon, developed on the crest of the Western Ghats in the Deccan Traps. The canyon is a tourist hotspot. Geomorphic studies reveal that the Sandan slot canyon is 2-30 m wide and up to 100 m deep. Based on compelling field evidence we hypothesize that the morphology of the slot canyon is the product of the interplay between flash flood-induced excavation of a dyke and slope failures.
Keywords. Dyke, flash flood, slot canyon, slope failure.
GORGES are one of the most common erosional sculpted forms in actively incising fluvial landscapes around the world. In comparison, extremely narrow, deep and slotlike bedrock gorges, commonly called slot canyons 1 , are rare and develop under limited range of fluvial conditions. Slot canyons have very small width-depth ratios (depth ≥ width) and the canyon walls make up a larger proportion of the channel boundary or perimeter than the canyon bottom (base) 1 . Majority of the slot canyons documented in the geomorphic literature occur in southwest USA 2 , China 3 and Austria 4 in a variety of rocks (sandstone, conglomerate, granite, gneiss, basalt, etc.). Till date, slot canyons have not been documented in the Indian subcontinent.
Here we report the occurrence and geomorphic characteristics of such an uncommon slot canyon from the Deccan Traps. The roughly north-south-oriented Sandan slot canyon (SSC) developed in compound lava flows is situated near Samrad village (19°30′46″N and 73°41′11″E) ( Figure 1 a) in Ahmednagar district, Maharashtra, India 5 and occurs on the crest of the Western Ghats Escarpment (Figure 1 b) . The canyon is a popular tourist hot spot and is famous for exhilarating adventure sports such as giant swing, rappelling and flying fox.
The main objectives of this study are: (a) to document the downstream variations in the canyon morphology, and (b) to understand the mode of its formation. Geomorphic studies included field observations during multiple visits, and measurement of canyon dimensions and the nature of bed sediments. Seven morphological characteristics emerge from the field studies. oriented dolerite dyke (dyke-B) crosses the canyon at its starting point (Figure 1 b) .
• Patches of dyke-A are present on both the canyon walls at multiple locations and at different elevations above the canyon bottom ( Figure 5 ). Spectacular slot canyons, typically formed in crossbedded sandstones are reported from other parts of the world (mainly USA and China). They display remarkably smooth and undulating canyon walls, formed by the fusion of multiple potholes of various dimensions 2,3 . In all but a few cases, sandy sediments dominate the channel bed. Earlier workers have inferred that the wall undulations are remnants of breached potholes or of sinuous longitudinal grooves formed by abrasion during bedrock incision 2, 6 . No such evidence exists on the walls of SSC. In fact, the canyon walls here are remarkably rough, uneven and irregular, and there is complete absence of potholes or remnants of potholes in the entire canyon reach. Moreover, small to giant angular boulders cover the bed. All these facts strongly suggest a completely different mode of origin of the SSC.
Clues to the probable mode of origin of SSC are provided by the alignment and extraordinary linearity of the canyon (clearly seen on the SoI topographic map and satellite image of the area), the presence of patches of dolerite dyke at multiple locations on both the canyon walls, and the dominance of coarse angular debris on the bed. It is clear from the size, angularity and lithology of the boulders that they are not fluvially (long) transported, but are fallen blocks of basalt rock from the canyon sidewalls. It is evident in the field that majority of the boulders on the bed have been contributed by the unstable canyon walls by frequent slope failures (rockfall).
The absence of remnants of potholes or grooves on the channel walls implies that the normal process of vertical erosion or downcutting via potholes has not contributed to the formation of this canyon. In fact, the presence of remnants of dyke-A at multiple locations on the canyon sidewalls and small blocks of dyke material within the channel bed sediments supports our hypothesis that the SSC has primarily formed by the excavation of the almost north-south-oriented dolerite dyke (dyke-A). It is also evident in the field that the erosion mechanism involved in the excavation of the dyke material is predominantly plucking (also known as quarrying and jacking), rather than abrasion. Plucking is recognized as the dominant mechanism of erosion in rocks characterized by distinct blocks delineated by joints and other structural features 1, 7 . The plucking process removes blocks of rocks from the channel boundary (bed and banks) by lift and drag forces during highly turbulent flows 1 . The remnants of dyke-A seen on the SSC walls display crude columnar jointing ( Figure 5 ). The prominent horizontal joints have clearly favoured the removal of joint-defined dyke blocks by hydraulic forces.
Strong hydraulic forces are generated within the narrow canyon during flash floods following heavy monsoon rainfall in this steep terrain of the Western Ghats. Though the canyon catchment is small (just 1.6 km 2 ), it is located on the crest of the Western Ghats and receives abundant monsoon rainfall (~4500 mm at Ghatgarh; Figure 1 ). Such rainfall, confined to the monsoon months (June-September), occurs in multiple wetspells. As the run-off into the canyon suddenly increases, the water level rises rapidly in the narrow canyon, elevating the hydraulic efficiency and stream power of the flows by several orders of magnitude. According to the current paradigm in fluvial geomorphology, the ability of a stream to erode and transport material is related to the stream power as well as the channel boundary shear stress. As there are numerous difficulties in the estimation of flood discharges and the associated stream power (Ω), one can get some idea about the flood power in the canyon by calculating the boundary shear stress (τ) (in Nm -2 ) which is the product of specific weight of water (γ = 9800 Nm -3 ), hydraulic radius or mean depth (R) and the channel slope (S) 8 τ = γ RS.
According to a local guide, the high flows within the canyon during monsoon may reach a depth of up to 5 m (~15′) over the pools and a few metres above the boulder bars (berms). Thus, at 5 and 2 m mean water depth and 0.10095 m/m bed slope, the above equation yields boundary shear stress (τ) of 4950 and 1980 Nm -2 respectively. These values are higher by two orders of magnitude than τ values estimated for high-magnitude floods on large Indian rivers 9 . Extraordinary floods within the canyon create even higher shear stress. Such powerful flash floods in the slot canyon are capable of not only dislodging blocks of jointed rocks from the channel boundary, but also moving large boulders present on the bed contributed by the canyon sidewalls due to rockfall 9 . The accumulations of angular boulders (as bars or berms) at intervals support this inference.
A strong and unequivocal support to the abovementioned hypothesis of SSC formation is provided by a juvenile slot canyon (location JC in Figure 1 b) , locally named Chornali in the close vicinity of the SSC. Here another dyke (dyke-B) is in the initial stages of excavation. The geomorphic setting is identical and a canyon similar to the SSC is being formed by removal of the dyke material. A similar slot canyon is also under formation at Nane Ghat in the source of Kukadi River. Thus, there is little doubt that the SSC has been formed chiefly by the excavation of a dyke. However, the coarse sediments, dominantly made of non-dyke material, on the channel bed suggest that periodic slope failures have contributed in the widening of the canyon after removal of the dyke. This partially explains why the canyon width increases down the valley (Figure 3) . Thus, the formation of the slot canyon appears to be a three-stage process. In the first stage, the dyke is excavated on the edge of the Western Ghats Escarpment by hydraulic forces induced by high monsoon run-off forming a very narrow, deep notch. In the second stage, the excavation process propagates upstream along the dyke by headward erosion and excavation, leading to an increase in the length of the canyon. In the next stage, the unstable, exposed, nearvertical walls periodically fail and contribute large rocky blocks to the canyon bottom. This process contributes to the gradual widening of the canyon. The boulders act as an armour and protect the bed from further downcutting (vertical erosion) and excavation. The present shape and morphology of the canyon can be attributed to some extent to this limiting process.
In summary, the SSC is a unique and special geomorphic feature having high scientific as well as touristic value. Not surprisingly, it is already a tourist hot spot and is famous for a host of adventure activities. The present study indicates that the formation of this uncommon slotlike canyon has been determined by a rare combination of site-specific factors -geological, climatic, hydrological and geomorphological. The main inference is that the present canyon morphology is the product of the interplay between flash flood-induced excavation of a dyke and frequent slope failures.
